Abstract-The incidence of valvular heart disease is expected to increase over the next several decades as a large proportion of the US demographic advances into the later decades of life. At the same time, the next several years can be anticipated to bring a broad transition of surgical therapy to minimally invasive (minithoracotomy and small port) access and the more gradual introduction of percutaneous approaches for the correction of valvular heart disease. Broad acceptance of these technologies will require careful and sometimes perplexing comparisons of the outcomes of these new technologies with existing standards of care. The validation of percutaneous techniques, in particular, will require the collaboration of cardiologists and cardiac surgeons in centers with excellent surgical and catheter experience and a commitment to trial participation. For the near term, percutaneous techniques will likely remain investigational and will be limited in use to patients considered to be high risk or to inoperable surgical candidates. Although current-generation devices and techniques require significant modification before widespread clinical use can be adopted, it must be expected that less invasive and even percutaneous valve therapies will likely have a major impact on the management of patients with valvular heart disease over the next several years. (Circulation. 2008;117:1750-1767.)
T he incidence of valvular heart disease is expected to increase over the next several decades as the "baby boomer" demographic passes into advanced decades of life. Treatments for heart disease and primarily valvular heart disease (as medical treatments for atherosclerosis improve) are expected to represent one of the main arenas for maintaining good health in this aging population. 1 In the face of this challenge, advances in technology and the scientific understanding of the anatomy and pathophysiology of valvular heart disease are offering an increasing array of minimally invasive open-chest (surgical) and percutaneous (interventional) treatments of valvular heart disease ( Tables 1 and 2 ). New percutaneous valve interventions have been directed toward the 2 most frequent forms of valvular heart disease in the industrialized West: aortic stenosis (AS) and mitral regurgitation (MR), which account for Ͼ70% of the cases of acquired valve disease in Europe. 2 At the same time, traditional cardiac surgical approaches via median sternotomy are being minimized by the application of smaller sternotomy and nonsternotomy strategies aided by robotic or video-assisted technologies.
The advance of percutaneous therapy for valve disease has not been unheralded; such clinical strategies were introduced as early as the 1950s with simple catheter devices to treat pulmonic stenosis. Treatment for stenotic lesions matured in the early 1980s with the advent of balloon valvuloplasty, which has become the predominant therapy for primary pulmonic and mitral stenosis lesions. 3, 4 In contrast, outcomes after percutaneous aortic balloon valvuloplasty have been largely unfavorable, and this procedure is now seldom performed because of its risks and short-lived benefits. 5 These contrasting results highlight the current perils of uniform and uncritical embracing of a new generation of technologies for the treatment of valvular heart disease, which have thus far been applied in only a few hundred cases in clinical trials.
Although innovations in the treatment of valvular heart disease create significant new treatment opportunities, they also will likely pose dramatic and potentially disruptive challenges to current practice patterns. Specifically, a predicted convergence of diagnostic, interventional, and surgical therapies is likely to largely rewrite the conventions for treating valvular disease while blurring the boundaries between the traditional domains of surgery, interventional cardiology, and noninterventional cardiology.
Realization of the potential benefits of these innovations may require a paradigm shift challenging long-standing principles in the evaluation and treatment of valvular heart disease. In this regard, tradeoffs between application of potentially less effective therapies may have to be weighed against potential benefits in terms of slowing or halting disease progression and improving symptoms and quality of life at a lower cost in terms of greater safety and less invasiveness. Compared with traditional surgical approaches, both short-and long-term evaluation of percutaneous devices for superiority in safety and noninferiority in efficacy will likely be needed.
Criteria for Success
The excellent results of contemporary surgery for valvular heart disease have set a high standard for new treatment strategies. Specifically, it will be important to consider that the operative mortality rate of aortic valve replacement (AVR) for AS and mitral valve repair for MR is low (Ͻ5%) and long-term results are excellent for up to 20 years (freedom from reoperation rates Ͼ70%), although these results vary widely, depending on patient comorbidities and the long-term complications associated with tissue valve durability and mechanical valve thromboembolic events. 6 -9 It also will be essential in these evaluations to consider that patients referred for valvular interventions today often are elderly and have increased surgical risk associated with congestive heart failure, emergency nature of the operation, left ventricular (LV) dysfunction, presence of coronary disease, previous surgery, and most important, presence of severe comorbidity. 2, 6 Candidates for less invasive procedures may present a different risk profile than currently referred patients (both at the high and low ends of the spectrum of risk); therefore, comparisons with current outcomes standards may not be appropriate.
If the rational application of new valve disease treatments is to be achieved, measures of invasiveness and effectiveness also will have to be weighed against the realities of patient expectations in potential patient candidate pools (those who currently may or may not be referred for surgery) and against the patients' perceptions of risks and benefits, ranging from issues of discomfort and incapacitation to the cosmetics of surgical scars. On the level of health economics, these outcomes will require analysis in rigorous cost-benefit models, weighing dollars spent against days of quality life gained and the long-term potential cost of temporizing more definitive corrections of valve pathology and of multiple possible follow-up interventions.
Finally, as clinical trials lead to regulatory approvals of new devices and techniques, it will be important to apply valid diagnostic testing, reasonable outcomes standards, and acceptable parameters of evidence and follow-up to ensure the appropriate adoption and dissemination of these innovations. These parameters will need to be accompanied by reasonable goals and safe methodologies for teaching these new strategies and techniques to appropriate cardiac practitioners and sites.
On the basis of these considerations, the present report describes and evaluates the status of new percutaneous and minimally invasive strategies for the treatment of valvular heart disease ( Table 1) . Minimally invasive valve surgery includes a group of operative approaches that use small chest wall incisions (eg, ministernotomy, minithoracotomy, and endoscopic and robotic procedures) to gain access to the mitral valve ( Figure 1 ). All of these operations currently require cardiopulmonary bypass and an incision into the aorta or left atrium. Therefore, the term minimally invasive refers to a small chest wall incision that does not include a full sternotomy. Clinical data regarding the potential risks and benefits of percutaneous valve procedures and minimally invasive valvular heart surgery are compared with traditional open (median sternotomy) procedures.
The present analysis includes standard risk-benefit considerations (ie, morbidity and major adverse cardiac eventsmortality, stroke, myocardial infarction, and rehospitalization-versus improvements in hemodynamics, survival, and quality of life). In addition, this analysis includes consideration of risks and benefits uniquely relevant to these innovative methodologies, including issues of compromised surgical exposure, potential vascular dissection, and inadequate deairing of the heart and embolization versus potentials for decreased bleeding and transfusion rates, less pain, and shorter length of hospital stay.
The indications for and risks and benefits of percutaneous procedures, including mitral leaflet repair, direct and indirect (coronary sinus, transventricular, and extramural) annuloplasty approaches, and percutaneous AVR are reviewed in Table 2 . In these analyses, special consideration is given to the new therapeutic dilemma of balancing expectations for more durable therapy typically expected with surgical treatments with acceptable levels of temporizing pathophysiology and symptomatology with less invasive percutaneous approaches.
Current Substrate for Valvular Interventional Therapy
Insights into the current management of patients with valvular heart disease can be gained from the Euro Heart Survey, a study conducted over a 4-month period in 2001 in 92 centers from 25 European countries that prospectively included 5000 patients from surgical and medical cardiology departments and outpatient clinics. 2 Most significantly, this survey showed that as many as one third of elderly patients with severe symptomatic AS, and a similar number of patients with MR, were not referred for surgery by the attending practitioner. 10 It is very likely that the extent of nonreferrals from the cardiologist's office or, even more so, the general practitioner's office is even higher. Whether this European experience is similar to practice in the United States is uncertain and is currently being evaluated by a number of investigators. 11 Application of a next generation of valve therapies, however, will need to be measured against the context of these current perceptions and practices. The most striking characteristics of patients who are not referred for surgery are their older age, lower LV ejection fraction, and higher incidence of comorbidity. Given the increasing age and inherent growing degree of comorbidity in patients presenting with valve disease in industrialized countries, it is likely that patients at increased risk or with contraindications for surgery will remain a persistent challenge and will become potential candidates for interventions that are viewed as potentially safer (ie, associated with lower acute morbidity and mortality and event-free survival). It will therefore be important to use guidelines and objective outcomes evaluations incorporating risk stratification scores in assessing the results of new valve therapies in these patients. 12 Important to this analysis of current practices is the further observation that although mitral valve repair is performed in 90% of the cases in experienced centers, only half of the patients undergoing surgery for severe MR receive valve repair, according to the Euro Heart Survey and the Society of Thoracic Surgeons Database 13 ; the other patients undergo mitral valve replacement, which is associated with inherent increases in mortality and morbidity. 2, 6 The incidence of valve repair is even lower, the operative risk is higher, and long-term results are less satisfactory with a higher rate of recurrence of MR in the substantial subset of patients with MR secondary to rheumatic disease, endocarditis, or cardiomyopathy. Thus, it also will be important to these considerations to take into account real-life practices as opposed to those reported in the literature.
Minimally Invasive Surgical AVR
The surgical correction of aortic valve disease, predominantly via valve replacement, is typically a well-tolerated and durable intervention. Clinical outcomes after AVR have been quite good, with an overall operative mortality rate for isolated AVR of 4%. 6 Despite favorable AVR results as a whole, data in cardiac surgery databases may be misleading and poorly predictive of opportunities for less invasive remedies. For example, the operative mortality rate for AVR in patients Ն80 years of age is as great as 8% to 15%. 14 -20 Furthermore, in the rapidly aging US population, the number of elderly patients with significant comorbidities is steadily increasing, and for many patients, both the natural history of untreated AS and results after the traditional on-pump AVR through a median sternotomy may be worse than conveyed by overall outcomes data. 11, 20 Surgical replacement of the aortic valve traditionally has required conventional open-chest surgical techniques performed under general anesthesia. The heart is exposed through an incision the length of the sternum (median sternotomy) and connected to a heart-lung machine that assumes cardiopulmonary functions during the procedure (cardiopulmonary bypass). The advantage of the median sternotomy compared with less invasive techniques is that it affords the most options for pump cannulation and myocardial preservation, providing unsurpassed access to the heart and great vessels, especially when dealing with potential intraoperative technical difficulties or other complications such as a fragile, torn, or dissected ascending aorta. Not uncommonly, the cardiac surgeon also may be faced with situations that require more than simple AVR such as a small aortic root, annuloaortic ectasia, an ascending aortic aneurysm, or extensive aortic calcification, the extent of which may not always be accurately identified preoperatively. 22 In general, the median sternotomy also is well tolerated, with minimal postoperative discomfort and a healing/infectious complication rate on the order of 1% to 2%. On the other hand, the median sternotomy and use of cardiopulmonary bypass are potential contributors to complications in high-risk individuals and are commonly perceived with great apprehension by patients and referring physicians alike. Aside from the physiological risk factors concomitant to open heart surgery, these concerns represent significant (psychological) barriers to the application of open heart surgery.
Minimally Invasive Surgical Techniques for Aortic Valve Disease
Given both the obstacles toward traditional surgical intervention and an apparently large population of higher-risk patients, a number of different techniques and approaches other than median sternotomy have been proposed to create safer and less invasive AVR procedures. These alternatives have included primarily a mini right anterior thoracotomy through the second or third intercostal space and alterations of the median sternotomy approach (T, J, L, reversed C, S, and an inverted V hemisternotomy; Figure 1 ) while retaining standard cardiac surgical techniques for valve replacement. [22] [23] [24] [25] [26] [27] [28] [29] Performance of these procedures through small (Յ2 in) incisions while avoiding median sternotomy provides considerable psychological comfort to patients undergoing these procedures and may confer additional benefits in terms of improved recovery and reduced activation of inflammatory cascades as compared with standard open procedures.
Although actual results vary considerably among centers, the other overall advantages of such approaches have been reported to include less postoperative pain, improved cosmetics, less blood loss, fewer pulmonary and wound complications, and shorter length of stay. 30 -35 In this context, a multitude of preoperative variables may influence a surgeon's decision to modify the standard surgical approach toward less invasive strategies, but the primary determinant is likely to be the surgeon's level of experience with such procedures, and consistent with the above-noted risk considerations, the great majority of AVR procedures are thus far still performed through a full median sternotomy.
Despite the potential advantages of nonsternotomy approaches to the aortic valve, one may argue that significant gains in reducing major perioperative complications such as death (early and late), myocardial infarction, and stroke may be unobtainable as long as the cardiopulmonary bypass circuit and cardioplegic arrest continue to be part of these minimally invasive aortic valve operations; that is, changing only the incision results in only a small incremental benefit for the patient. In fact, in the hands of cardiac surgeons with lower volumes of valve cases, complication rates with a nonsternotomy approach may actually be higher because cardiopulmonary bypass and cardiac arrest times run longer as a result of performing the operation through limited access. [35] [36] [37] Consequently, although the initial invention and subsequent refinement of the cardiopulmonary bypass circuit are substantially responsible for making valve replacement surgery technically possible and progressively safer in most patients, it is generally accepted that the greatest promise may be offered by new aortic valve technology that can partially or completely eliminate the use of any assisted circulation. Two specific surgical approaches have been offered for such off-pump treatment of aortic valvular disease: transapical AVR (also referred to as direct-access AVR) and an off-pump apicoaortic conduit insertion (also referred to as aortic valve bypass). Although both methods currently propose an open thoracotomy, the potential exists for less invasive methods using either small, less traumatic incisions or a ports-only (thoracoscopy) approach.
Transapical AVR
Transapical AVR using a thoracotomy has been described in animal studies and recent clinical reports. 38 -43 The Ascendra valve (Edwards Lifesciences, Irvine, Calif) was implanted transapically in 30 consecutive high-risk patients with a predicted operative mortality rate (as determined by the Euroscore predictive model of preoperative risk factors) of 27%, with a resultant 30-day mortality rate of 7%. 41 Access to the cardiac apex during such procedures is achieved through a left anterolateral thoracotomy along the sixth interspace. The transapical access site is gradually dilated, and the crimped valve is introduced inside the diseased native aortic valve. Techniques important in the percutaneous procedure have proved helpful with the initial transapical experience, including predeployment balloon aortic valvuloplasty and the use of rapid pacing to temporarily halt forward flow.
Investigators of the transapical approach point out that many of the disadvantages of the first-generation percutaneous approaches discussed below may be eliminated by virtue of straight-line access to the aortic valve afforded by use of the LV apex as the entrance site. Shortening and straightening the path to the aortic valve decreases the potential for endovascular trauma, embolization of atheroma from the aorta associated with retrograde approaches, and mitral leaflet injury from antegrade approaches. In addition, the transapical approach provides the ability to use other technology, such as embolic protection devices and temporary ventricular support, or the potential for the addition of mitral valve repair and/or ventricular remodeling technology.
Ventriculoaortic Valved Conduit
Another less invasive, potentially safer alternative to traditional AVR for treating high-risk patients with aortic valvular disease (primarily AS) is the use of ventriculoaortic valved conduit, which essentially bypasses the native aortic valve. 44 -48 The insertion of an apicoaortic conduit, first used clinically in 1955 and previously used for pediatric patients with complicated LV outflow tract obstruction, creates a second outflow tract from the left ventricle to the descending aorta, and the diseased, native aortic valve left in situ ( Figure 2 ).
Aortic valve bypass has the advantage of completely avoiding the diseased root and solving several potential problems of percutaneous and transapical AVR such as coronary artery encroachment, valve prosthesis migration, paravalvular leak, and plaque embolization. Patient-prosthesis mismatch also is less concerning because the new aortic valve orifice will be additive to the native valve. Additionally, there already are long-term hemodynamic data supporting the beneficial effects of the apicoaortic conduit. 48 A limitation of the apicoaortic conduit approach is that it is a treatment for pure AS; any significant aortic insufficiency is an absolute contraindication. The ability to create a second LV outflow tract also is determined to some extent by the quality of the descending aorta, which is sometimes diseased in this patient population. Furthermore, in its current design and clinical implementation, apicoaortic conduit devices and methods are not suitable for an off-pump or endoscopic approach. Novel devices designed to perform this procedure off pump with technical ease are under development and currently in the long-term animal study phase.
Additional Surgical Alternatives
Another less invasive option for patients with aortic valve disease is a "sutureless" device deployed through a (mini) thoracotomy or a traditional surgical approach. Patients are placed on cardiopulmonary bypass through a median sternotomy or minimally invasive approach, and the native valve is resected via traditional means. A modified biological valve is then secured to the aortic root with a stent or alternative sutureless method. Such devices are currently under preclinical and clinical investigation. Although this strategy requires an operative approach, the ischemic and cardiopulmonary bypass times would be expected to be shorter than for traditional AVR surgery, assuming appropriate valve deployment.
Percutaneous AVR
Open, on-pump surgical AVR with mechanical or bioprosthetic valves, as described above, is a time-tested, reliable, reproducible, and life-saving treatment for aortic valve disease. If 5-year follow-up were taken as a minimal basis for comparison, this benchmark would include overall survival rates of 85% and event-free survival rates of 71%, with 70% (actuarial) survival rates even in octogenarians. 6, 14, 15 Fiveyear survival after AVR has been reported to be 95% of that of age-and gender-matched individuals in the (Swedish) general population. 16 Current iterations in standard tissue valve design deliverable via a surgical approach also have achieved remarkable outcomes in terms of valve durability. A meta-analysis of 8 studies encompassing Ͼ2500 implants demonstrated a median interval to structural valve deterioration (in a typical 65-year-old male) of Ͼ20 years. 49 In the context of these outcomes, it must be considered that the introduction of general anesthesia, sternotomy or thoracotomy, and cardiopulmonary bypass engenders incremental risk, especially in the (growing) extremely aged population and those with medical comorbidities. In addition, certain technical factors such as heavily calcified aortas, previous mediastinal radiation, multiple prior sternotomy procedures, severe lung disease, or coagulopathies further mitigate the benefits versus risks of a surgical approach. Given these considerations, percutaneous approaches to the aortic valve are currently being focused toward high-risk populations.
Percutaneous attempts at relief of AS initially involved balloon aortic valvuloplasty. This approach, however, resulted in only modest hemodynamic improvement, with a high incidence of restenosis and a long-term survival not different from the natural history of AS. 50 Although recent modifications of the balloon aortic valvuloplasty technique, including the use of rapid ventricular pacing to arrest cardiac output and external beam irradiation to prolong the durability of balloon aortic valvuloplasty, have rekindled some interest in this technique for inoperable patients, current scientific interest has shifted from balloon aortic valvuloplasty to percutaneous AVR for the treatment of AS. 51, 52 
Clinical Trials of Percutaneous Aortic Valves
A review of the clinical data available for 2 types of percutaneous aortic valves illustrates the state of development of these devices, which are balloon deployable or self expanding. The Cribier-Edwards valve (Edwards Lifesciences), currently available in 23-and 26-mm-diameter sizes, is constructed of a stainless steel stent to which equine pericardium is sewn in a trileaflet fashion ( Figure 3 ). With this device, valve area after percutaneous valve deployment increased from 0.5 to 1.7 cm 2 for up to 9 months in a series reported by Cribier, who pioneered the technique, and coworkers. 52 The antegrade implantation technique originally described by Cribier et al is extremely complex. It involved transseptal puncture; flotation of a balloon-tipped catheter through the left atrium, left ventricle, and aortic valve to the descending aorta; and arterial exteriorization of the intravascular guidewire ( Figure 3 ). The technique has proved too complex for widespread dissemination, particularly with the firstgeneration device. Cribier also treated some patients with a retrograde transarterial approach, and Hanzel et al 53 reported the successful deployment of a percutaneous aortic valve through a retrograde approach. Conceptually simpler and more reproducible, reliable retrograde passage of the stent valve is facilitated by the introduction of a flexible, steerable delivery catheter. The rapid enrollment of patients by Webb et al 54 using this approach reflects its greater ease of use compared with the antegrade approach. At the time of the writing of this article, a phase I US trial has completed enrollment of a first cohort at 3 sites, and a pivotal US trial of this technology is being formulated.
Clinical data also are available for a porcine pericardial tissue valve pioneered by Grube et al 55 that is sewn inside a self-expanding nitinol stent (CoreValve, Irvine, Calif). The first generation of this system required retrograde passage and placement with femorofemoral bypass or with percutaneous left atriofemoral LV assist. The profile has been reduced from 24F to 18F and no longer requires cardiopulmonary support in all cases. Both the Cribier-Edwards and CoreValve devices have been used in high-risk patients with predicted Euroscores Ͼ30%, with actual 30-day mortality rates Ͻ10%. [52] [53] [54] [55] [56] 
Limitations and Potential of Percutaneous AVR
Although there is enormous enthusiasm for percutaneous AVR, it must be emphasized that this technology is in its infancy. Novel complications such as device migration or embolization, mitral valve laceration, and paravalvular aortic insufficiency have already been reported. [52] [53] [54] [55] [56] Other developmental issues that still need to be addressed and that are discussed in the "Final Considerations" section include optimization of access routes, further reduction in delivery system and prosthesis profile, and development of balloonexpandable versus self-expanding stent platforms and repositionable and retrievable devices. The extent and nature of the valve and valve annulus pathology are important elements in these considerations.
Severe calcification of the native aortic valve, particularly asymmetric calcification, can make it difficult to cross the aortic valve with a large-caliber prosthesis. At least 1 case of obstruction of the left main coronary ostium by a calcific nodule during a percutaneous AVR has been reported. This complication may be resolvable by echocardiographic observation of leaflet nodules and the motion of leaflet calcification during balloon predilatation of the valve.
Even though prosthesis size is determined on the basis of accurate pre-measurements of the aortic annulus by transesophageal echocardiography (TEE) or computed tomography (CT) in current trials, and patients with annulus diameters that are too large for the available devices are excluded, paravalvular leaks have been a significant concern for the percutaneous aortic valve devices developed thus far. The frequency of leaks, however, has already been diminished by the use of larger-diameter balloon-expandable valves (26-versus 23-mm nominal stent diameter). Future devices will need to have larger diameters or cuffs to prevent such leaks, especially in patients with a dilated aortic root.
As these challenges are met, additional opportunities may present themselves. For example, patients who have undergone previous AVR with a bioprosthesis may be good candidates for percutaneous valve-in-valve procedures that have already been performed successfully in clinical studies of percutaneous pulmonic valve replacement. Patients with aortic insufficiency, in particular, those with bicuspid aortic insufficiency and no or minimal aortic root dilation, may also be candidates for percutaneous therapy. Larger devices and fixation systems that will anchor in less deformed valves, however, will likely be necessary for these applications.
Minimally Invasive Mitral Valve Surgery
As with aortic valve surgery, multiple alternatives to sternotomy for mitral valve surgery have been described in the literature in the past decade. Early studies, however, have included only small numbers of patients and a paucity of data, and claims of reductions in postoperative discomfort and shorter recovery times have until recently been unsubstantiated by randomized trials. Now, longer-term data suggest that minimally invasive mitral valve surgery not only improves cosmetics but also reduces blood loss and shortens hospital length of stay. [57] [58] [59] [60] 
Minimally Invasive Surgical Techniques for Mitral Valve Disease
The most important of the minimally invasive mitral valve techniques are parasternal access, partial sternotomy, PORT ACCESS systems (Edwards Lifesciences), robotically assisted mitral valve surgery, and a simplified minithoracotomy approach. Unfortunately, there are few direct comparative data among these different approaches.
Parasternal Approach
Cosgrove et al 60 first described a less invasive technique for valvular heart surgery in 1998. Their right parasternal approach includes a 6-to 8-cm incision to the right of the sternum with resection of the third and fourth costal cartilages. A 5-cm groin incision is used to cannulate the femoral vein and artery to establish cardiopulmonary bypass. This technique provides excellent exposure of the mitral valve via a transseptal approach, which facilitates complex mitral valve repairs.
Initial experience with this approach was favorable, with excellent cosmetics, reduced pain, and less blood loss than with standard sternotomy. 60 However, (generally transient) instability of the chest wall was noted with this technique, resulting in a slight bulging of the chest wall during coughing. Sacrifice of the right internal thoracic artery also is a potential concern should the patient ever require coronary artery bypass grafting. Finally, the transseptal approach to the mitral valve utilized with this technique transects the artery to the sinoatrial node, which causes temporary bradycardia in many patients.
Excellent results have been reported recently with a modified parasternal approach that eliminates open femoral cannulation in most patients and changes the incision slightly to reduce the risk of chest wall herniation. 58 Comparing the parasternal approach with conventional sternotomy, Aklog and colleagues 61 reported reduced recuperation time with an accelerated return to normal activity level.
Partial Sternotomy
The mitral valve also can be accessed via partial upper or lower sternotomy, which leaves the manubrium intact ( Figure 1 ). The rationale for this approach is that median sternotomy is the incision with which cardiac surgeons are most familiar, and with a modified partial sternotomy for minimally invasive mitral valve surgery, the surgeon's learning curve is shortened. Partial sternotomy provides a familiar operative field, standard approaches to the left atrium (extended transseptal for upper sternotomy and lateral left atriotomy for lower sternotomy), and central cannulation for cardiopulmonary bypass in most cases. The addition of vacuum-assisted venous drainage to these techniques allows the use of smaller, less obstructive cannulas in the surgical field. Vacuum-assist also reduces the priming volume of the cardiopulmonary bypass circuit, prevents air locks, and keeps the field dry. Compared with full median sternotomy, partial sternotomy has been associated with similar rates of mitral valve repair (96% in degenerative mitral valve disease), increased patient satisfaction, reduced surgical trauma and blood loss, shorter intensive care unit and hospital lengths of stay, and decreased healthcare costs. 29, 62 Minithoracotomy A partial or total sternotomy can be avoided altogether by the right thoracotomy approach. In most instances, minimally invasive mitral valve surgery via a small anterolateral right thoracotomy entails peripheral (femoral) cannulation for cardiopulmonary bypass. With this technique, a 4-to 8-cm incision in the fourth intercostal space provides access to the left atrium. Since the first report of mitral repair through minithoracotomy by Carpentier et al, 64 a variety of adjunctive techniques, including PORT ACCESS technology and robotics, have been developed to facilitate mitral valve surgery via a small thoracotomy and have been responsible for the markedly increased application of this technique in recent years.
PORT ACCESS
PORT ACCESS technology first entered clinical practice in 1997. This technique includes the use of a variety of catheters designed specifically for institution of peripheral bypass and administration of cardioplegia. The cornerstone of this system was an endoluminal aortic balloon used to facilitate cardiac arrest without the need for standard aortic cross-clamping. There were, however, 2 major concerns at the time PORT ACCESS techniques were introduced: the risk of aortic dissection and the need for special techniques to remove intracardiac air after valve surgery.
Technical modifications, including more flexible guidewires and strict adherence to the Seldinger technique for catheter placement, have significantly reduced the risk of aortic dissection. Several strategies, including the insufflation of (relatively soluble) CO 2 gas into the surgical field, have been developed for air removal; these have resulted in a risk of stroke similar to that associated with standard open-chest mitral valve procedures.
One of the largest series of PORT ACCESS valvular surgery was published by Grossi and colleagues. 59, 65 They reported decreased length of hospital stay, decreased blood usage, and a decreased infection rate with comparable 1-year echocardiographic results compared with patients undergoing the standard sternotomy approach. PORT ACCESS techniques did not increase operative morbidity or mortality rates in their experience.
The Port Access International Registry, initiated in 1997 and terminated in 1999, analyzed outcomes of 491 isolated mitral valve repairs and 568 isolated mitral valve replacements. 67, 68 In this series, the operative mortality rate was 1.6% for mitral repair and 5.5% for mitral replacement; multivariable analysis demonstrated that predictors of death were reoperation, older age, and mitral valve replacement. Overall, the results from this registry were comparable to those of conventional sternotomy and demonstrated that PORT ACCESS was a viable option for isolated mitral valve surgery.
On the other hand, other reports of PORT ACCESS technology were disappointing, with a reported mortality rate of nearly 10%, a high rate of morbidity, and no decrease in postoperative pain. Mohr and colleagues 69 described severe complications associated with the peripheral vascular access and the use of retrograde systemic perfusion. PORT ACCESS surgery has therefore come to be viewed primarily as an important evolutionary step in the development of less invasive cardiac surgery.
Robotics
The lesson of PORT ACCESS surgery was primarily that the mitral valve could be approached through a small anterior thoracotomy. Although appropriate surgical instrumentation could provide the surgeon an excellent view of the mitral valve, in some cases, working in a tunnel-like geometry could also be technically challenging. This limitation has been overcome by the development of small-caliber robotic instruments that incorporate articulating instrument motion and nondirect (ie, camera) visualization of the surgical field.
In robotic mitral valve surgery, the surgeon sits at a console and directs robotic instruments, which are inserted through small chest wall incisions. In most instances, a very small thoracotomy is created to introduce the valvular prosthesis or annuloplasty ring. The first robotically assisted mitral valve surgery was reported in 1998; in this experience, a voicecontrolled device was used to facilitate mitral valve repair in 8 consecutive patients. 70 The da Vinci system (Intuitive Surgical, Inc, Sunnyvale, Calif) includes a combination of 3-dimensional visualization and microinstrumentation, providing a full range of motion in tiny spaces, with motion scaling and tremor elimination. Results from a 10-center trial of robotic mitral valve repair in 112 patients with the da Vinci surgical system were published in 2005. 71 In this series, operative times were longer compared with conventional sternotomy. However, as experience and familiarity increased, there were progressive declines in cross-clamp, bypass, and overall operative times.
Individual experiences with robotically assisted mitral valve repair parallel those of the randomized trials. 72 In 1 single-center experience with 25 patients, 80% of patients were extubated in the operating room, and the average length of hospital stay was Ͻ48 hours. 73 However, among those patients discharged in Ͻ24 hours, 37% required hospital readmission, suggesting the need for further study to identify those patients who can safely go home within 1 day.
Although experience with robotic surgery is growing and even early experience indicates that this approach may
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provide clinical benefits (reduced surgical trauma, decreased pain, excellent cosmetics, and a very short hospital stay), longer follow-up is needed to determine, for example, the durability of valve repair with this technique, a key measure of the success of mitral valve surgery. Furthermore, the populations included in published series of robotically assisted surgery have generally been young and healthy and without important LV dysfunction. The use of this technology in an older, sicker patient requires further investigation. Finally, although robotic mitral valve surgery has resulted in a decrease in length of stay and reduced hospital per-case costs, the absolute cost savings associated with this technology remain unresolved because of the large capital expenditure for the robot and all its components.
Simplified Minithoracotomy
Some groups familiar with both PORT ACCESS and robotic techniques have recently popularized a simplified minithoracotomy approach to mitral valve surgery, relying on more conventional instrumentation but still working through a small right thoracotomy. Peripheral cannulation with lowprofile, high-flow cannulas and direct transthoracic aortic occlusion with a flexible clamp facilitate this procedure. 74 In most instances, direct visualization of the valve is sufficient, and surgical cameras are not necessary. In a recent study of 241 patients having a small anterolateral thoracotomy in the fourth intercostal space, transthoracic aortic clamping, and direct vision of the mitral valve, midterm results were comparable to those achieved with full sternotomy. 75 Other investigators have also recommended the transthoracic clamp technique over the PORT ACCESS endovascular cardiopulmonary bypass system, demonstrating shorter surgical and cross-clamp times and lower instrumentation costs. For example, although the PORT ACCESS technique adds $3000 in cost to each case, approaches that use the transthoracic clamp technique add only $200. 76 The goals of minimally invasive mitral valve surgery thus center on application of techniques that appeared to enable achievement of technical results identical to those reported with sternotomy and include decreased patient apprehension preoperatively, better cosmetics, less surgical trauma, reduced blood loss, and faster recovery. With a decade's worth of clinical data, it is clear that these milestones have been achieved by the small but growing number of surgeons who use these approaches. The demonstration that complex mitral operations can be performed minimally invasively with excellent clinical results represents a triumph of surgical expertise and technology.
The next steps in the development of minimally invasive mitral valve surgery include further refinements in technology to make the incisions even smaller, more widespread adoption of these practices in a great number of surgical centers, and overall evolution of these techniques to achieve a closer approximation of percutaneous techniques in terms of surgical trauma. Although reduced surgical trauma may yield faster recovery times, the physiological perturbations associated with requisite cardiopulmonary bypass nevertheless remain a fundamental obstacle to reduced invasiveness of such strategies.
Percutaneous Mitral Valve Approaches
Percutaneous approaches for correcting mitral valve disease have developed along the lines of surgical approaches. The percutaneous correction of MR, however, has posed significant technical challenges that have only recently been addressed with advances in device engineering and novel concepts for catheter approaches to valve repair.
Percutaneous Techniques for Mitral Valve Repair
Leaflet repair and direct versus indirect (coronary sinus) annuloplasty represent the predominant percutaneous approaches to local repair of the mitral valve apparatus currently in device and procedure development. Other approaches attempt to realign the mitral valve coaptation by addressing ventricular mechanics.
Leaflet Repair
Alfieri et al 77 first described a surgical approach to leaflet repair approximately 10 years ago that uses a suture to plicate the free edges of the mitral leaflets and to create a double-orifice mitral valve. Alfieri et al 78 reported a 5-year freedom from reoperation with his procedure of 90%, and Maisano et al 79, 80 recently published a 12-year follow-up of patients treated with isolated edge-to-edge repair. These studies suggested the feasibility of an endovascular application of this technique in carefully selected patients. Of the various approaches to percutaneous mitral valve repair, one of the most advanced in terms of clinical investigation involves percutaneous modification of this edge-to-edge technique. In this technique, transseptal access to the mitral valve allows placement of a metal clip on the mitral leaflets, allowing creation of a double orifice valve (Figure 4) . 81 The clip used in this procedure is made of cobalt-chromium alloy and is covered with Dacron fabric to facilitate tissue ingrowth.
Early animal work demonstrated that a tissue bridge forms over the clip within 6 months, creating a double orifice morphology virtually identical to that seen late after a surgical repair. 82 The edge-to-edge repair approach also has been accomplished with percutaneous suture-based technology, but this technique has been applied to only a small number of patients in phase I trials.
Despite encouraging initial clinical experience without major problems of mitral stenosis or recurrent MR reported by the Alfieri group and in the Endovascular Valve Edge-toedge REpair STudy (EVEREST) that is detailed below, it must be considered that the scarring associated with mitral clips might result in a natural history different from that with the Alfieri stitch. It must further be cautioned that the results of Alfieri et al were less favorable in cases when annuloplasty was not performed, and other investigators have reported less favorable (intermediate-term) outcomes than Alfieri et al, with 24% of patients developing recurrence of 3ϩ MR within 2 years of their procedure. 79, 83 Leaflet-based devices also do not address dilation of the mitral annulus, a common component of mitral insufficiency, and are therefore useful only in selected patients.
Annuloplasty Approaches
Recognition that the coronary sinus parallels the mitral annulus also has led to the development of a number of devices to create an annuloplasty via a coronary sinus approach. Most of these devices involve introduction of a transjugular guiding catheter into the coronary sinus and placement of an anchoring device in the distal coronary sinus, a tensioning element, and a proximal coronary sinus anchor.
Among these devices, the Cardiac Dimensions Carillon device (Kirkland, Wash) uses a nitinol wire element with proximal and distal anchors. 84, 85 In comparison, the Edwards Monarc (Irvine, Calif) device uses self-expanding stents connected by a spring-like bridge element that is held open by absorbable material in its interstices. 86 As the material dissolves over a 3-to 6-week time period, the bridge contracts and diminishes the mitral annular circumference. Human implantation of the first 2 of these devices was marked by early design-related failures. In the early phases of the phase I United States Clinical Trial of the Cardiac Dimensions Carillon device, the distal anchor failed to hold adequately. This resulted in removal of the devices before they were released or permanently deployed. Likewise, the Edwards device developed bridge fractures in 3 patients in a Canadian phase I experience. Both devices have been redesigned and are once again undergoing clinical investigation. A third device, the PTMA (percutaneous transvenous mitral annuloplasty) system (Viacor; Wilmington, Mass), places rigid elements into a plastic sleeve in the coronary sinus, placing pressure on the P2 segment of the posterior mitral leaflet with resultant diminution of the septal-lateral dimension. 87, 88 The Viacor device has been used in temporary intraoperative human experience, and permanent implantation trials are being initiated.
Despite these theoretical opportunities, early clinical experience has made it clear that the simple concept of coronary sinus mitral annuloplasty faces many challenges in execution. These limitations include the reality that the coronary sinus approach may be limited by the distance of the coronary sinus from the mitral annulus, and thus the annuloplasty is not direct. A second potential limitation of this approach is that the crossover of the coronary sinus on top of a left circumflex artery branch in many cases could lead to inadvertent, potentially deleterious compression of the coronary arterial vasculature. This limits the distance around the coronary sinus that an annuloplasty device may be delivered and thus may limit the efficacy of this approach. Finally, coronary sinus-based devices also do not address the anterior (intertrigonal) mitral annulus, which many consider to also be subject to dilation over time. Although these devices have not yet resulted in coronary sinus perforation or thrombosis or in distortion of the nearby circumflex artery in patients, perforations related to coronary sinus access have been reported. To address some of these issues, detailed imaging of the coronary sinus with CT has been used to assess the relationship of the coronary sinus to the circumflex coronary and to facilitate device length and anchor diameter selection.
As a consequence of the above considerations, a more direct approach to mitral annuloplasty that more closely approximates surgical suture plication has been developed in animal models. In animal testing of a suture plication technique, 20% reductions in annular circumference or absolute reductions in circumference of Ϸ1 cm with suture plication have induced a dramatic improvement in MR. 89 In a percutaneous approach to suture plication, a catheter is placed retrograde into the left ventricle and positioned behind the posterior mitral leaflet, directly abutting the mitral annulus. Anchors are placed in the annulus and connected with a drawstring that plicates the annulus when tension is applied. Clinically, open surgical suture plication has been associated with freedom from reoperation of Ͼ90%, with Ͼ80% freedom from death, reoperation, and recurrent MR. 90 Percutaneous suture plication data are pending.
Combined Mitral and LV Remodeling
Finally, a novel off-pump surgical transventricular repair that involves placement of a tensioning cable directly through the LV chamber (Coapsys; Myocor, Maple Grove, Minn) has been developed to address mitral annular and ventricular dimensional corrections associated with mitral repair strategies. 91 In this technique, anchoring pads on either side of the ventricle are used to allow the cable to apply tension across the LV chamber ( Figure 5 ). This shortens the septal lateral dimension and remodels the LV chamber.
This approach is unique in that it is the only mitral repair to directly remodel the LV chamber, which has potential advantages in cases of functional MR. Significantly, aspects of the ventricular compression inherent in this approach also may address derangements of ventricular mechanics associated with An alternative approach to functional MR uses anchors placed in the coronary sinus and atrial septum to allow a tensioning cable to be placed across the left atrial chamber, which applies septal to lateral tension to reduce the septallateral dimension and the degree of MR. 93 
Percutaneous Mitral Valve Replacement
Percutaneous mitral valve replacement has not yet been attempted in humans and is limited by several important issues. The asymmetric shape of the mitral annulus makes creating a replacement prosthesis challenging. Delivery of the device may require novel methods, and cardiopulmonary support may be needed. Anchoring of a device is likely to have different requirements in different types of MR. Other speculative considerations include retention of native valve tissue, an issue that is not critically important in aortic valve disease but which may result in obstruction of the LV outflow tract after mitral valve deployment. Higher closing forces on the valve may confer an increased risk of paravalvular leak compared with aortic valves; therefore, cuff design or anchoring and accurate device sizing are critically important.
Other challenges to percutaneous MVR also exist. Mitral annular dilation frequently is observed in patients with MR, and this process may not be prevented by percutaneous valve replacement. Patients with rheumatic mitral stenosis have a foreshortened and restrictive subvalvular apparatus, which may interfere with valve function. Patients with severe mitral annular calcification also will pose a significant technical challenge.
Despite all of these considerations, less invasive mitral valve replacement may be a future possibility. Possible deployment routes include antegrade via a percutaneous transseptal approach, antegrade through the left atrium via a minithoracotomy, or retrograde through the LV apex via a minithoracotomy. In addition, sutureless devices could be deployed via traditional surgical methods with decreased ischemic and cardiopulmonary bypass times.
EVEREST: A Window Into Percutaneous Valve Trials
A potential blueprint for clinical study and development of percutaneous devices may be discernible in the experience gathered from the EVEREST II multicenter trials. As of October 2006, a total of Ͼ160 symptomatic patients (or asymptomatic patients with evidence of LV dysfunction) have been treated with this device. A phase I trial with 55 patients has been concluded, and Ͼ60 patients have been randomized to percutaneous treatment versus surgical mitral valve repair or replacement in the EVEREST II randomized trial. 94 -96 Importantly, EVEREST I and II have adopted the 1998 American Heart Association/American College of Cardiology guideline criteria for defining the patient population for mitral valve repair requiring moderate to severe or severe regurgitation (3ϩ or 4ϩ). 97 In addition, the severity of MR both before and after repair is assessed in this trial by a core echocardiography laboratory using the American Society of Echocardiography criteria for MR severity. 98 In comparison, prior experience with both diagnosis and therapy for MR has used purely subjective methods for assessing MR severity.
Among patients intended for clip placement in the EVEREST trial, degenerative MR was present in 83%, and functional MR was seen in 17%. Ninety percent have had a clip implanted at the time of the index procedure (38% have been treated with 2 clips). In the most recent cohort, clips have been successfully placed with resultant MR Յ2ϩ in 90% of patients. About 70% have had Յ1ϩ MR by core laboratory evaluation. The Kaplan-Meier freedom from death, mitral valve surgery, and MR Ͼ2ϩ has been almost 80% at 36 months (freedom from death, 99%; freedom from surgery, 87%).
Delivery of the clip device, however, has been associated with a steep learning curve. Navigation within the left atrium to place the clip coaxially in the mitral orifice requires nonstandard echocardiographic views and a remarkable degree of coordination and communication between the echocardiographer and interventional cardiologist. In addition, the technical skills necessary to maneuver the clip are novel.
Consequently, these procedures have required general anesthesia with TEE and fluoroscopic guidance. Initial procedures have taken a relatively long time (consistent with that for complex electrophysiology procedures), although procedure time has declined rapidly as individual operators and the team have gained experience. Initial single-clip cases have taken an average of 181 minutes compared with just over 2 hours for subsequent single-clip cases, which is frequently 70 to 90 minutes among the more experienced operators.
Important to the issue of the irreversibility of potentially ineffective percutaneous techniques, 17 (24%) of the initial 70 clip patients who subsequently required surgery have all had the intended surgical therapy, with repair accomplished in 71% of cases up to 18 months after clip placement. 86 However, surgical repair was not possible in 29% of patients in whom percutaneous repair was not successful because of either intraoperative anatomic findings (eg, leaflet defect) or preoperative considerations (eg, surgeon's preference).
The most prevalent clinical problem with the device, occurring in 5 cases, has been partial detachment of the clip from a single leaflet. This apparently results when the clips are not perpendicular to the line of leaflet coaptation at the time of placement, with relatively more tissue engaged in 1 of the 2 clip arms and less in the other. Clip detachment has been detected incidentally by surveillance echocardiograms and has not been associated with embolization or other clinical events.
Finally, relative to the issue discussed above of modifying target patient populations with less invasive techniques, it is important to consider that the median age of the EVEREST patients was 71 years (range, 26 to 88 years) compared with a median age of 59 years in the Society for Thoracic Surgery 2002 database for all mitral valve procedures. Fifty-one percent of the EVEREST patients have been in New York Heart Association class III or IV compared with 43% for patients undergoing surgical repair in the Society for Thoracic Surgery 2002 database.
EVEREST II, which randomizes clip device therapy with surgical mitral repair or replacement (2:1 randomization), may represent a potential model for subsequent percutaneous valve trial designs. The primary end point of the trial is noninferiority of the clip compared with surgery, defined as freedom from surgery for valve dysfunction, death, and moderate to severe or severe MR at 12 months. The primary safety end point is superiority in terms of freedom from major adverse events at 1 month. Whether alternative safety/efficacy end points would yield more relevant data and whether these devices should be compared with medical therapy in patients who are poor candidates for surgery or, on the other end of the spectrum, in patients with less severe MR who are not yet surgical candidates remain important points of debate.
Percutaneous Right Heart Valvular Procedures
Percutaneous pulmonary valve replacement actually represents the largest clinical experience to date in valve replacement. These procedures have been performed predominantly in patients with congenital heart disease and previous right ventricular outflow tract surgery. Most of the treated patients have had multiple prior surgical procedures, making percutaneous therapy especially attractive. Successful implantation of these devices has been reported in Ͼ160 patients with good hemodynamic results and low procedural risks, and a small number of patients have undergone retreatment with a percutaneous prosthesis successfully implanted within a previously percutaneously placed prosthesis.
The main limitation to right heart valve implants has been the lack of a variety of device sizes. A much wider selection of sizes needs to be developed to treat young children and patients with dilated right ventricular outflow tracts. Optimal positioning of the devices also remains a challenge but is not as critical as for the aortic valve position; preprocedural imaging may assist in identifying the optimal position for deployment.
Finally, percutaneous tricuspid valve devices remain in the preclinical stages of development. Such devices could be deployed in the tricuspid annulus or in the superior and inferior vena cava, but tricuspid annular devices need to be correctly positioned to avoid obstruction of the coronary sinus ostium or damage to the atrioventricular node. An advantage of these devices is that they could be deployed under significantly lower time constraints than with other valve positions because right chamber pressures are lower and rapid pacing will not be required.
A disadvantage for the tricuspid valve devices is that tricuspid valve leaflets are more fragile than other valves and that damage to leaflet tissue may preclude subsequent conventional surgical repair. In addition, the tricuspid annulus lacks firm surrounding tissue for device placement and is frequently dilated in patients with tricuspid regurgitation. Percutaneous tricuspid valves also would not prevent further annular dilation and may therefore be susceptible to future dehiscence and/or embolization. The greatest limitations facing tricuspid valve therapies, however, are the disease-related factors in this population, including right ventricular failure and advanced pulmonary hypertension, rather than valve-related factors.
Final Considerations
As the populations of the United States and other industrialized countries continue to age, there appears to be little doubt that the need for less invasive and safer methods to treat valvular disease (particularly calcific AS) will continue to grow. It can be anticipated that after careful evaluations compared with contemporary treatment, there will also be a considerable impetus in the future for extending the use of new, less invasive techniques for treating valvular heart disease targeting high-risk patients today to other lower-risk patient groups.
In the context of the outstanding track record achieved for surgical AVR, for example, large trials with extremely large sample sizes will be required to prove equivalent hemodynamic and clinical results with new nonsurgical devices in "good" (low-risk) surgical candidates. These evaluations require close collaboration between interventional cardiologists, echocardiographers, engineers, and surgeons. Ideally, these practitioners and device manufacturers will support enrollment in appropriately powered, randomized, controlled trials. Although useful data can be accumulated in circumstances in which such trials are not possible (eg, critically ill patients in whom surgery is contraindicated), it will be important to be circumspect in extrapolating these data to lower-risk populations, given the excellent results achieved with surgical approaches.
If these steps are followed, it is probable that new interventional techniques will play an important role in the treatment of valve disease in the future. In view of the above discussions, the following focuses on the issues of greatest challenge, involving new percutaneous strategies, which need to be addressed in the development and maturation of less invasive valvular procedures.
Trial Design and Reporting of Results
The institution of appropriate trial designs and end points presents a significant challenge to the development of new valve treatment strategies. Issues such as appropriate selection of control groups and duration of follow-up will likely represent 2 of many potential areas of contention. For example, assuming that a standard for comparison in these trials should be whatever therapy a given patient would usually receive in most practices or hospitals, some percutaneous devices may be best suited for comparison with surgical valve replacement or repair, whereas others may require comparisons with medical therapy, as in heart failure populations with valvular disease. Moreover, the comparator for percutaneous mitral valve repair could be surgical valve repair for some patients and medical therapy for others. In other cases, the use of registries rather than randomized trials may be required, as in the case of high-risk or elderly patients. A multisociety review has recently addressed some of these issues, 100 but a greater consensus will likely need to evolve over time.
There has also been considerable debate regarding the investigator requirements necessary for centers to be involved in percutaneous valve trials. Ideally, centers will have excellence in both interventional cardiology and valve surgery. As clinical experiences expand, however, it is likely that more centers with less experience will be accrued as study sites, under which circumstances peer-and industry-sponsored mentoring and proctoring will likely be needed.
Standardization of what has thus far been fairly variable reporting practices will greatly enhance the development of this field. Some end points are relatively straightforward and should follow the guidelines developed for conventional valvular surgery, including structural valve deterioration, nonstructural valve dysfunction, endocarditis, thromboembolism, and bleeding events. 97 In addition, prospective evaluation of the severity of valvular insufficiency according to American Society of Echocardiography criteria and the use of core laboratories for echocardiography reading should be part of all new device trials. 98 In contrast, other parameters (eg, nature of pathophysiology and symptomatic compromise) are less well evolved and would benefit from reporting refinements.
Despite the existence of some reporting guidelines for such studies, it is clear that there is as yet no standard for the reporting of results for these procedures. For example, some first-in-human cases have been described as case reports; other technologies were not publicly reported until substantial data were accrued. One important report described the initial experience with the coronary sinus mitral annuloplasty device in which the first patients treated in the Canadian phase I experience had failed procedures. 86 This early description of suboptimal results is noteworthy in that it offers the investigative community the opportunity to resolve the cause of device failures, take corrective actions, and pursue appropriate clinical development pathways.
Procedure Team and Environment
As less invasive methodologies enter clinical practice, it can be anticipated that the traditional roles of cardiologists and cardiac surgeons will likely become less disparate over time. Such blurring of professional boundaries can already be found in current clinical practice. Pacemaker implantation by cardiologists and aortic stent graft implantation by surgeons are 2 such examples. In this scenario, a convergence of subspecialty skills will likely occur, and increased collaboration will be required between cardiologists, cardiac surgeons, and interventional radiologists. Ideally, clinicians will need to become less territorial and more cooperative for percutaneous valvular techniques to develop and mature. Ideally, less attention will be placed on who "owns" the procedure and more focus will be put on the best interest of patients.
Alternative methods of reimbursement will be required in fee-for-service environments if real collaboration is to develop. In North America in particular, traditional medical versus surgical departmental structure and methods of reimbursement serve as a disincentive to cross-specialty collaboration. In addition, changes in specialty training will need to reflect the convergence of traditional roles. Cardiology fellowships may need to focus on vascular cutdown procedures and percutaneous ventricular support, and cardiac surgery fellowships may require training in catheterization techniques and balloon-stent management and troubleshooting.
Simulation technology is being used with increasing frequency for endovascular training and has already been developed for new investigators for percutaneous valve replacement. An obvious extension of this technology is to familiarize operators with the difficulties and complications frequently encountered by their surgical/medical colleagues. Standards for teaching and certification of operators will be challenging to develop and will require substantial further development in this field.
An important aspect of cross-specialty collaboration will be the choice of the optimal facility sites for less invasive valvular procedures. Clearly, many of these procedures require skills that are not routine in most catheterization laboratories or cardiac surgical suites. Prior experience with diagnostic and therapeutic percutaneous valve procedures, including transseptal skills, and experience with conventional valvular surgery are plainly requisite.
Most percutaneous procedures are currently performed in conventional catheterization laboratories, but the optimal environment for percutaneous valve procedures may well be a "hybrid" suite that is able to meet the demands of traditional cardiologic and surgical procedures. Hybrid suites will require ceiling-mounted mobile fluoroscopy and a control room, adequate infection control, sufficient space for TEE, a varied selection of surgical and catheterization equipment, cardiopulmonary bypass and ventricular support capability, and a complete anesthetic setup. CT, cardiac magnetic resonance, and 3-dimensional echocardiographic capabilities may need to be considered when these hybrid suites are built because these imaging modalities are likely to play a larger role in future less invasive valve procedures.
Procedural Considerations
Not surprisingly, a number of procedural challenges lie in the path of clinical adaptation of percutaneous valve therapies. Optimizing access routes will be a critical issue that will need to be addressed for percutaneous valve treatment strategies to become clinically applicable. Percutaneous aortic valves may be deployed antegrade via the peripheral venous system and a transseptal puncture or retrograde via the femoral artery.
Antegrade valve delivery is difficult and technically complex and requires significant technical expertise because of limited device maneuverability. This approach has been complicated by acute mitral insufficiency during valve deployment. Retrograde valve delivery, although more direct and preferable at the current state of procedural development, is limited by femoral artery size, atherosclerosis and tortuosity of the aorta, and ability to traverse the stenotic native valve. Screening for atherosclerosis in the ascending aorta and arch by TEE, cardiac CT, or cardiac magnetic resonance is required. Patients with severely diseased iliofemoral systems or extreme tortuosity of the aorta will not be good candidates for this approach. Subclavian artery access has been used in some patients with inadequate iliofemoral access, whereas the degree of arch atheroma that precludes retrograde delivery is yet to be defined.
An alternative solution to peripheral access challenges may be found in transapical aortic valve deployment through a minithoracotomy incision. This can be performed without cardiopulmonary bypass, and it enables the use of larger device diameters with improved maneuverability, although at the cost of a surgical incision and local tissue trauma. Finally, although percutaneous access to the right-sided cardiac valves can be achieved through the peripheral venous system (femoral, jugular, or subclavian veins), and device size considerations are not as important as with left-sided devices, device maneuverability remains a significant challenge. Transapical device technology may therefore need to be extended to these valves in the future.
Percutaneous AVR device deployment is currently performed during rapid ventricular pacing to temporarily decrease cardiac output. However, rapid pacing is not infallible, and device embolization can still occur. In addition, the period of pacing must be short and device deployment must be rapid to avoid cerebral hypoperfusion. Other techniques may therefore be required to sustain cardiac output during device positioning and deployment. Options include cardiopulmonary bypass through peripheral (ie, femoral) access and percutaneous ventricular assist devices.
Another important issue is the use of distal aortic filters. Although aortic valve devices have been deployed without the use of filters thus far with a low risk of stroke, the development of embolic filter devices should be pursued to address this risk. Amongst alternative techniques, native valvular debridement or ablation before percutaneous valve insertion as a means to diminish embolization does not address embolization from the aorta. Leaflet decalcification also may adversely affect the calcified annular substrate preferred for anchoring stent-mounted devices.
The optimal imaging technique during percutaneous valve device deployment is another important consideration. Most current devices use a combination of fluoroscopy and TEE. Fluoroscopy is very helpful for anatomic localization in patients with calcified aortic valves. Fluoroscopy also is very good for anatomic localization in patients with failing tissue prostheses during so-called valve-in-valve procedures. The main limitations of fluoroscopy, however, are lack of detailed anatomic information in patients without calcification and excessive equipment size, leading to interference with the operator's field.
TEE is required to delineate valvular morphology and pathology and to quantify valvular insufficiency and stenosis before and after the procedure. However, TEE is limited by device artifact and lack of detailed anatomic information. Threedimensional TEE may play a future role in percutaneous valve therapy but is currently limited by time constraints for image reconstruction and suboptimal image quality. Intracardiac echocardiography also may have future applications, particularly for locating coronary artery ostia during aortic valve procedures. Future less invasive valve devices may be deployed with the use of real-time CT or cardiac magnetic resonance, and 3-dimensional digital "maps" may be constructed before the procedure to assist with accurate device implantation.
Device Considerations
Optimal percutaneous device design must be considered to be in the early stages of evolution. Current percutaneous valves are limited by the large vessel diameter required for valve loading and delivery, and minimization of the diameter is a significant objective for all devices. Current aortic valve devices encompass modifications of conventional biological valves, rather than mechanical prostheses, because of their ability to be compressed into a sheath without significantly compromising function. Although biological valves also have the advantage of avoiding long-term anticoagulation and have yielded favorable durability as surgical implants, the long-term durability of percutaneous valves, which have incorporated bovine jugular venous, equine pericardial, and bovine pericardial valve tissue, is unknown. Compressible nitinol valves are in the very early stages of development but may represent a novel percutaneous treatment strategy in the future.
As noted in the discussion of percutaneous AVR above, stent and cuff designs also are important considerations for percutaneous valves. Stents need to be large enough for secure positioning but small enough to be deployed through transvascular sheaths. The optimal stent material should cause minimal imaging artifact on echocardiography and CT and should be compatible with cardiac magnetic resonance. It should also possess long-term durability in the face of repeated movement and hemodynamic stress. Valve cuffs need to be tall enough to prevent paravalvular leaks but short enough to prevent obstruction of nearby vital structures (eg, coronary ostia for the aortic valve position). The optimal cuff material will be one that prevents paravalvular blood flow but does not lead to excessive tissue ingrowth or pannus formation.
A final consideration in the development of less invasive valve devices is their effect on future therapeutic interventions. This issue will be particularly important as clinical studies move from elderly, high-risk, nonsurgical candidates to young, lowrisk patients. Mitral and tricuspid regurgitation devices specifically should be removable at the time of initial implantation in the case of procedural or device failure without compromising the ability of conventional surgical valve repair.
The clip device has been removed from patients as late as 18 months after placement without limiting surgical repair, 100 but eventually there will be a point at which the clip cannot be removed during subsequent surgical procedures. Aortic and pulmonary valve devices also will not be easily removable in the case of long-term subsequent deterioration and may require the development of novel repeat procedural approaches.
Bailout options in case of improper acute device deployment are a last consideration. To a certain extent, most current devices can be removed completely if there are concerns about lack of efficacy or safety. Future percutaneous valve replacement devices should allow operators to easily retrieve or reposition an improperly deployed device without damaging vascular and surrounding tissues.
Conclusions and Recommendations
Minimally invasive surgical and percutaneous valve techniques will likely become the predominant means of treating critical valve disease, although the course of development will take years. A broad transition of surgical therapy to minimally invasive (robotic, PORT ACCESS, or minithoracotomy) approaches can be anticipated and is encouraged on the basis of most recent experiences in a growing number of centers. Initial experience with percutaneous devices has already demonstrated proof of concept and yielded intriguing data. Percutaneous valve therapy devices and techniques require significant modification before widespread clinical use can be adopted and require evaluation in clinical trials under careful investigational protocols. Randomized comparisons with existing standard of care treatments and registries for high-risk patients will define the roles of these new technologies. These trials should be performed with the collaboration of cardiologists and cardiac surgeons in centers with excellent surgical and catheter experience and a commitment to trial participation. For the near term, percutaneous techniques in central and percutaneous AVR in particular remain investigational and should be limited in use to patients considered to be high risk or to inoperable surgical candidates. In this context, even after FDA approvals, percutaneous devices should be used in only a small number of centers with excellent surgical and catheter experience until they are thoroughly tested in the clinical arena.
To actualize these transitions, numerous challenges in trial design are being addressed. 101, 102 The definitions of patients who are appropriate candidates for these new approaches also will need to evolve. Significant refinement of the traditional training, roles, and routines of cardiologists and surgeons will be required in the acceptance and widespread implementation of these novel strategies, and close collaboration among disciplines will be needed for successful programmatic development. Ongoing attention to these important issues regarding patients, devices, and operators should stimulate the necessary changes to make less invasive valve therapies a viable option for the future treatment of valvular heart disease.
